Introduction
In the last few years, microchemistry research has progressed remarkably. [1] [2] [3] [4] [5] [6] [7] In this type of research, various chemical processes, such as analyses, syntheses, and bio-applications, are integrated into a microchip that contains fluid channels inside a glass or plastic substrate whose length and breadth are in centimeters. Microchip applications are advantageous in that they reduce the amount of chemical waste, realize portable devices, and achieve high efficiency of chemical reactions and separations due to a high ratio of the interfacial area per unit volume.
To realize a microchip system, not only the microchip, itself, but also devices for fluidic control, such as valves, pumps, and detectors of fluid velocity and concentration, must be miniaturized. With regard to a velocimeter, a micromachined flow sensor based on the detection of heat transfer has been successfully used for measuring a small quantity of fluid on the order of μl/min. 8 However, because it was attached outside the microchip, the obtained flow velocity did not reflect the actual flow velocity at each point in the microchannels. This is because these channels are usually separated and combined in the microchip, and the flow velocity depends on the size and intersection shape of the channels. Even if the micromachined flow sensor is fabricated inside the microchip, it could affect the fluid conditions because the sensor must be fabricated inside a microchannel, and should contact the liquid directly. Particle imaging velocimetry (PIV) has been applied to a microchip to measure the actual flow velocity throughout a channel, 9, 10 and it has proved to be useful for obtaining the motion pattern of the fluid inside the channel; however, its use is limited because particles must be mixed in the fluid for the measurement. For chemical applications of a microchip, it is important to measure the flow velocity at arbitrary points in the microchannels because it differs at each channel, and sometimes the fluid is stationary due to clogging. From the viewpoint of feedback control, the flow velocity should be monitored at a specific point inside the microchannel instead of at a point outside it.
As an in-situ and non-contact detection method, photothermal effects have been used for solids, liquids, and particles; in this method light is absorbed by a sample and thermally induced effects, such as a refractive index change, are detected. Several methods for measuring the liquid flow velocity have been developed using photothermal methods. The dependence of a thermal lens effect has been used for calibrating the flow velocity. [11] [12] [13] [14] [15] Recently, this effect has also been used for flow velocity measurements inside a microchip. 16, 17 Further, thermal or electrostrictive grating methods have been applied, and the motion of the grating due to fluid motion has been monitored. 18, 19 Thermal lens microscopy has been successfully applied to various microchip applications to detect the chemicals in a microchannel. 20 In recent years, two promising photothermal methods, the lens-free heterodyne transient grating (LF-HD-TG) method 21, 22 and the mask pattern transferred transient grating (MPT-TG) method, 23, 24 have been developed for measuring the photo-induced dynamics of chemical species. These methods are more generally referred to as the near-field heterodyne grating (NF-HDG) method because they effectively utilize an optical near-field. The NF-HDG method provides not only dynamic information, but also static information, such as the density and the concentration. In the A new photothermal technique was developed for measuring the flow velocity and making solute concentration measurements in a microchip by using the same optical and instrumental setup. Collinear pump and probe light were irradiated onto a microchip surface on which a grating pattern was fabricated. The pump light induced a temperature change with the grating pattern in a microchannel, and a refractive index change due to a subsequent temperature rise was monitored by a heterodyned diffraction signal of the probe light. The flow velocity and concentration were obtained by monitoring the motion and intensity change of the thermally induced grating, respectively. The dynamic range of the flow velocity measurement was 0.17 -670 mm/s, which is sufficient for covering most chemical applications of a microchip. The detection limit of the concentration measurement was 2 × 10 -6 M for a rhodamine B solution. present work, the NF-HDG method was modified for measuring the flow velocity in a microchip. This method can also be utilized for meauring the solute concentration in a microchip.
Principle
The principle of the NF-HDG method is explained in Fig. 1 . When the pump light is incident on a transmission grating, which is fabricated on the microchip surface, the intensity profile close to the transmission grating on the opposite side of the incident light exhibits a striped pattern. Therefore, the liquid inside a microchannel is photo-excited by the striped pattern of the pump intensity profile ( Fig. 1(a) ). If the sample in a microchannel absorbs pump light and heat is generated, the temperature profile of the sample is the same as the profile of the striped pattern (thermal grating). When another light beam (probe light) is incident in the same manner as the pump light, it is diffracted by both the transmission grating on the microchip surface (reference) and the thermal grating in the microchannel (signal) ( Fig. 1(b) ). In principle, the two diffractions proceed in the same direction, and therefore their interference is detected by a detector set at a visible diffraction spot by the transmission grating. This measurement technique is called heterodyne detection, and the intensity of the heterodyne signal is expressed as
where ES and ER are the electric fields of the signal and the reference, respectively, and φ is the optical phase difference between the two fields. Generally, the first term is very small, and the second term is removed by lock-in detection. Therefore, the third term is detected, and it implies that ES is enhanced by ER. φ is determined by the difference in the optical path length between the signal and the reference, and is constant, provided the flow is stationary.
Since ES is proportional to the temperature rise of a sample, i.e., the optical absorption at a specific wavelength, the concentration of a solute can be obtained from a calibration curve. When a liquid flows, the thermal grating moves, and subsequently the optical phase of a signal from the thermal grating changes, while that of the reference from the grating on the microchip remains constant. This implies that the optical phase difference between the signal and the reference changes depending on the flow velocity ( Fig. 1(c) ). This difference can be expressed as
where φ0 is the initial phase difference, v the flow velocity, and Λ the grating spacing. The second term is the ratio of the distance traveled by the flow to the grating spacing. Therefore, the phase is dependent on the flow velocity, and the heterodyne signal changes due to the phase change. Hence, the dependence of the flow velocity can be expressed by a trigonometric function, although it is slightly more complicated due to lock-in detection. A detailed theoretical analysis of the heterodyne signal is in progress. In this study, the flow velocity can be obtained from the calibration curve.
Experimental
A transmission grating was fabricated on the top surface of a microchip made of Pyrex glass by the standard wet etching procedure, the same as previously described. 25 In the microchip, four straight microchannels were fabricated, and many gratings with different spacings were fabricated above the channels (grating period, 20 -100 μm; grating depth, < 1 μm), as shown in Fig. 2(a) . When the gratings were fabricated, the top glass was etched by a 50% HF solution only for several seconds to fabricate very shallow grooves. The optical setup is shown in Fig. 2(b) . Pump and probe light beams were set collinearly using a dichroic mirror, and focused loosely on the grating after passing through a lens with a focal length of 5 cm. The channel position was not at the focal point of the lens, and the beam diameter at the channel was 500 μm. One of the 1st order diffractions was detected by a Si pin photodiode after rejecting the diffractions of the pump light by a filter. The pump light was mechanically chopped at 330 Hz, and a heterodyne signal was extracted and amplified by a lock-in amplifier. A rhodamine B (RB) aqueous solution and pure water were used as sample solutions to show that the flow velocity can be measured only for a solvent and a solution with light-absorbing molecules. The channel dimensions of the microchip were 100 and 30 μm, and its width and depth were 500 and 100 μm, respectively. A microchip with a smaller channel was used for measuring a lower volumetric flow. The pump wavelengths were selected to adjust the absorption peak; their values were 532 nm for the excitation of RB and 1470 nm for pure water, which is the wavelength for the coupling mode of the symmetric and asymmetric stretching modes of water. The intensities at 532 and 1470 nm for a sample were 20 and 100 mW, respectively, and the intensity of the probe was < 2 mW. A syringe pump was used to control the flow velocity, and the rates were in the range of 0.08 -700 mm/s. The grating periods for the RB solutions and water were 80 and 60 μm.
Results and Discussion

Concentration measurement
The dependence of the signal intensity on the solute concentration was examined when the flow velocity was zero. The dependence on the RB concentration is shown in Fig. 3 . As expected, the signal intensity was linearly dependent on the RB concentration. In a thermal grating signal, both homodyne and heterodyne components are included; however, the former is much smaller than the latter because the former is proportional to the square of the signal field, namely the refractive index change on the order of 10 -3 to 10 -6 , while the latter component is directly proportional to the signal field. The detection limit under the experimental conditions was 2 × 10 -6 M, which corresponded to an absorbance of 9.4 × 10 -4 . Since typical spectrometers have a detection limit of 1 × 10 -3 in absorbance, this method provides almost the same sensitivity, although its optical setup is not optimized for the concentration measurement and light is not focused tightly (beam diameter at a sample: 500 μm). Moreover, the sensitivity of this method is not as high as that of a thermal lens microscope, which has the potential to count the number of molecules; 26 however, it is still useful because the flow velocity and concentration can be measured by using the same optical and instrumental setup.
Flow velocity measurement of a dye solution
An RB solution (0.1 mM) was used as a sample. As shown in Fig. 4 , a signal change was clearly observed when the syringe pump was turned on and off. Excess velocity was observed initially, and an abrupt velocity change in the middle of the signal was due to bubbles, which were also detected. This result indicates that the NF-HDG method can be applied as an in-situ velocimeter in microchannels. The heterodyne signal intensity will increase or decrease, depending on the initial phase difference between the signal and the reference. In this case, it increases due to a more constructive interference between the signal and the reference. Calibration curves for flow velocities of less than 30 and 670 mm/s are shown in Figs. 5(a) and 5(b), respectively. There was a clear dependence on the flow velocity, and the lowest detection limit was 0.33 mm/s. The change in the signal intensity increased to a maximum; thereafter, it gradually decreased for a large flow velocity. Since the signal intensity change does not saturate at the maximum rate, higher rates (> 670 mm/s) can be measured.
With regard to the principle, the relation between Λ and v should be considered. In this measurement, the pump light is modulated by a mechanical chopper at a frequency ( f ). Each time the chopped pump light is emitted, the photo induced thermal grating moves during a period of f, as shown in Fig.  1(c) ; the distance moved by it is v/f. Eventually, the thermal grating reaches the initial photo-excited position when its movement distance is equal to a multiple of the grating spacing. Hence, it is expected that the signal intensity should be the same when v/f is equal to nΛ (n: intenger). However, the signal intensity change gradually decreases after 28 mm/s. This flow velocity is approximately equal to the velocity at which v/f is equal to Λ. This implies that the proposed principle of detection is only valid for low flow velocities of < 28 mm/s. It is also assumed that the thermal grating is smeared from a grating-like thermal profile due to high rates, and that the smeared pattern of the thermal profile diffracts the probe light beam. In this case, the diffracted light would be emitted in many directions, and a certain component is projected in the 1st order diffraction and mixed with the reference field.
By combining the results of the two microchips with different channel sizes, the detection range of this method was 0.17 -670 mm/s for the larger channel size, 1.7 -670 mm/s for the smaller channel size corresponding to a volumetric flow velocity of 0.3 -2000 μl/min in total. It should be noted that the measured flow velocity is an average value in a microchannel because the flow is driven by pressure and the flow velocity depends on the position vertical to the flow direction.
Flow velocity measurement of pure water
The flow velocity of water can be obtained directly by using a near-IR pump light. The dependence of the signal change on the flow velocity is shown in Fig. 6 . There was a clear dependence on the flow velocity, and the lowest detection limit was 0.17 mm/s. The tendency of this dependence was almost the same as for the dye solution measurement; as the flow velocity increased, the signal intensity change reversed by around 20 mm/s, and changed from positive to negative values; it then gradually decreased as the flow velocity decreased. The reason why the flow velocity at the reversal points are different in Figs. 5 and 6 is due to the difference of the grating spacing used (Λ = 80 and 60 μm in Figs. 5 and 6, respectively). As is explained in the previous section, the reversal point corresponds to the flow velocity where the v/f is equal to Λ. Thus, the reversal point was shifted by the change of the grating spacing. However, the difference between Figs. 5 and 6 for higher flow velocities, such as the intersection point with the flow velocity axis, has not yet been clarified, because of the complicated principle indicated in the previous section. Although the molar absorbance of water is small (1 -10/(M cm)), the absorbance is sufficiently large for measuring a signal, because in this case, the solvent absorbs light and provides a higher sensitivity than that obtained by using a dye solution.
Conclusion
The near-field heterodyne grating method was applied for measuring the flow velocity and the solute concentration in microchannels. It is a hybrid detector that provides two types of information, obtained by using the same optical and instrumental setup. This method is not only in-situ and non contact, but also non-disturbing to the fluid; therefore, it is suitable for microchip applications. The drawback of this method is that the signal intensity change is not linear, and requires careful calibration; however, this would be resolved because the signal intensity could be theoretically predicted by analysis. Additionally, the selectivity of this method is not as good as in the case of most photothermal methods, and it is improved only by selecting an appropriate pump wavelength.
Although the transmission gratings on the microchip for the present experiments were fabricated by wet etching, printed gratings on a polymer, such as a transparent sheet, can also be used. Hence, this method is easily applicable to existing microchip-mounted instruments. The dynamic range of the flow velocity measurements has four significant figures, and the lowest limit would allow most micro chemical applications to be covered. In particular, this method can be applied for a very low flow velocity (0.1 -10 μl/min, corresponding to 0.55 -55 mm/s for a typical microchannel size; 100 × 30 μm), such as immunoassay and cell culture, for which no in-situ measurement methods have been developed. 
